Data have been obtained which imply that chloramphenicol stimulation of ribonucleic acid (RNA) synthesis is a result of the accumulation of aminoacyl transfer RNA (tRNA) molecules. The data also support the hypothesis that chloramphenicol exerts an additional effect upon the stimulation of RNA synthesis. This effect may be at the level of the ribosome or the aminoacyl tRNA, or of both. It is this effect combined with the presence of aminoacyl tRNA that results in stimulation by chloramphenicol of RNA synthesis.
In the preceding communication, data were presented which are compatible with the hypothesis that the rate of ribonucleic acid (RNA) synthesis may be regulated as a function of the amount of a limiting species of charged transfer RNA (tRNA). With a temperature-sensitive valyl tRNA synthase mutant, the only variable required to effect a 10-fold change in the rate of RNA synthesis, under constant cultural conditions, was the length of time cells were kept at 42 C prior to the addition of chloramphenicol (CAP). The longer the time at 42 C, the less the CAP-stimulated rate of RNA synthesis was. At 42 C, the formation of valyl tRNA is prevented because the valyl tRNA synthase is partially thermolabile.
By using this experimental approach, it was possible to correlate the level of valyl tRNA with the rate of CAP-induced RNA synthesis (3, 4) .
Evidence was also presented which indicated that both CAP and aminoacyl tRNA were necessary to restore RNA synthesis.
Although the effect of CAP in inhibiting protein synthesis has been well studied (9) , there is insufficient information available as to how CAP stimulates RNA synthesis. It was suggested by Ezekiel and Evans that when CAP is added to a culture starved for an amino acid it results in the accumulation of the missing amino acid (see 2).
The aminoacyl tRNA derivative of the amino acid is then effective in stimulating RNA synthesis (4, 8) .
Evidence presented below confirms these conclusions. Further, the evidence indicates an additional involvement of CAP in stimulating RNA synthesis.
MATERIALS AND METHODS
A description of the strains of Escherichia coli, the media, the conditions of growth and labeling, and other experimental details has been presented (4) . Additional information is given in the legends to the figures. RESULTS Mutant 9D3 of E. coli possesses an extremely thermolabile valyl tRNA synthase (5) . Mutant 9D3R3 has a partially thermolabile valyl tRNA synthase (5) . When cultures of strain 9D3R3 were maintained at 42 C for 3 hr, CAP stimulated RNA synthesis (Fig. 1B) . The addition of 20 ,ug of Lvaline per ml to cells kept under similar conditions had no effect upon RNA synthesis (Fig. 1B) . From these data, it would appear that L-valine is not sufficient to stimulate RNA synthesis. The data support the premise that the activity of the temperature-sensitive valyl tRNA synthase is the limiting factor in the stimulation of RNA synthesis by CAP. This situation is different from that normally encountered, where CAP is added to a culture which is starved for an amino acid (6) but which is not limited by activating enzyme.
To examine this difference and to test the effects of normal growth conditions upon RNA synthesis, the following experiment was performed. Cells of strain 9D3R3 were grown at 30 C and then placed at 42 C. After 2 or 180 min at 42 C, portions of the culture were returned to 30 C under one of three conditions: (i) no addition, (ii) CAP addition, or (iii) L-valine addition. As can be seen in Fig. 1 FIG. 1. Mutant 9D3R3 was grown on MM-VP medium at 30 C with aeration, to 4 X 108 cells/ml. The culture was shifted to 42 C, and samples were removed and treated as indicated. CAP was used at 100 ,ug/mI, L-valine at 20,ug/ml, and 14C-uracil at 0.01 .c/ml (specific activity, 0.12 uc/lAmole). Uracil was added to all cultures. L-valine resulted in a 70-to 80-min lag prior to the resumption of RNA synthesis. Similar experiments in which higher L-valine concentrations were used have yielded nearly identical results. All of the 20 amino acids, including isoleucine, were present throughout the course of these experiments (4). Addition of L-valine (100 ,ug/ml) to cultures of strain 9D3R3 growing at 30 C under conditions identical to those used in Fig. 1 affected neither growth nor RNA synthesis (unpublished data and Fig. IB ). L-Valine did not affect protein synthesis (Fig. 5B) or RNA synthesis (Fig. 4) in strains 9D3R3 and 9D3, respectively.
It is concluded that the ability of CAP to stimulate RNA synthesis by strain 9D3R3 is independent of the accumulation of L-valine and other amino acids.
The results presented in Fig. 1 data). Strains 9D3R3 and 9D3R2 are still auxotrophic for arginine, as is the parental strain, 9D3.
Strain 9D3R2 was grown to 4 X 108 cells/ml at 30 C in a medium containing 16 Ag of L-arginine per ml, a level just sufficient to obtain this cell density. The culture was then shifted to 42 C, and portions were removed to 30 C at both 2 and 180 min after the temperature shift. These portions were treated as indicated in Fig. 2 . Examination of these data shows that CAP addition caused an immediate stimulation of RNA synthesis in cultures kept at 42 C for either 2 min or 3 hr; CAP had a similar effect on cultures returned to 30 C after either 2 min or 3 hr at 42 C. It is also apparent that the addition of arginine, after a 3-hr starvation, to a culture maintained at 42 C or returned to 30 C resulted in the immediate resumption of RNA synthesis. Stringent control may be observed by following the extent of uracil incorporation in a portion of the culture maintained at 30 C under conditions of arginine starvation. It appears that the absence of protein synthesis for 3 hr in cells kept at 42 C is not sufficient to prevent RNA synthesis upon restoration of protein synthesis after a "backshift" to 30 C. The second experiment was performed with strain 9D3R3. This experiment was designed to test for factors which are present in strain 9D3R3, but which are unrelated to the temperaturesensitive lesion and which might retard the reinitiation of RNA synthesis when these cells are maintained, for extended periods, in the absence of protein and RNA synthesis.
As is shown in Fig. 3 , the readdition of arginine or CAP at either 2 or 180 min after the exhaustion of initial arginine caused an immediate restoration of RNA synthesis. We can conclude that, aside from the valS mutation, no additional defect is evident in strain 9D3R3 to account for the lag in RNA synthesis shown in Fig. 1 of RNA synthesis were measured.
After 2 or 60 min at 42 C, portions of the original cul- Figure 4 illustrates that cells of strain 9D3 ture were returned to 30 C and treated as indicated. Rereturned to 30 C in the presence of CAP either maining portions were kept at 42 C and treated as indi-2 or 60 min after a shift to 42 C were stimulated to cated. CAP was used at 100 Mg/ml, L-valine at 20 Mg! synthesize RNA. Cells returned to 30 C without ml, and u4C-uradil at 0.01 c/mi (specific activity, CAP dispiayed a 40-min lag prior to the resump-0.12 peb/mole). Uracil displayed an immediate stimulation of RNA synthesis. On the other hand, cells returned to 30 C under normal growth conditions in either the presence or absence of L-valine showed an immediate resumption of protein synthesis, as noted by 14C-proline incorporation. As usual, these cells displayed a 70-to 80-min lag prior to the onset of RNA synthesis. The fact that protein synthesis resumed immediately and increased in rate suggests that the level of valyl tRNA synthase activity was increasing. Yet, the presumed increased supply of valyl tRNA was unable to restore RNA synthesis for 70 to 80 min. This result implies that a concentration of valyl tRNA sufficient to allow protein synthesis is insufficient to stimulate RNA synthesis. The difference in RNA and protein synthesis shown in Fig. 5 may be the result of an altered ratio of protein to RNA as a consequence of the 3-hr incubation at 42 C. Although there was no change in cultural conditions, the return of these cells to 30 C may have been the physiological equivalent of a "shift-down." Cells of strain 9D3R3 were treated as described in Fig. 5 , except that the culture was maintained under conditions which would minimize protein breakdown during the 42 C incubation. These cells were returned to normal growth medium concomitant with a shift to 30 C. Protein and RNA synthesis were measured as in Fig. 5 . RNA synthesis resumed after 80 min at 30 C. Protein synthesis resumed after 15 min at 30 C. These results suggest that the effect observed in Fig. 5 is not the physiological equivalent of a "shift-down" in medium conditions. The short lag observed in protein synthesis is most likely due to the total depletion of amino acid pools during incubation at 42 C in buffer. Under these experimental conditions, the presence of the amino acid and its attachment to tRNA could not be separated from any additional CAP effect. The situation is vastly different when, instead of an amino acid auxotroph, one uses a mutant which is temperature-sensitive for an activating enzyme. CAP can stimulate RNA synthesis in a leaky activating enzyme mutant (9D3R3), whereas CAP cannot stimulate RNA synthesis in mutant 9D3, which contains an extremely labile activating enzyme (4).
The experimental evidence has shown that the presence of both valyl tRNA and CAP is responsible for restoring RNA synthesis in a strain of E. coli containing a partially thermolabile valyl tRNA synthase. CAP, without valyl tRNA, cannot stimulate RNA synthesis (4). Likewise, limiting valyl tRNA in the absence of CAP is unable to stimulate RNA synthesis (4) .
The experimental results can be summarized as follows. The valyl tRNA synthase lesions limit the amount of intracellular valyl tRNA (4) . Increased concentrations of L-valine, either endogenously or exogenously supplied, are ineffective in overcoming the effects of the temperature-sensitive lesion. This is true in mutants maintained at the nonpermissive (high) temperature prior to L-valine addition (Fig. 1) . Detectable protein synthesis stops after a shift to high temperature (Fig. 5A, 120 min) and resumes immediately after the culture is returned to the permissive (low) temperature (Fig. 5B) . CAP stimulates RNA synthesis in cells kept at high temperature, and the resulting rate of RNA synthesis can be correlated with the intracellular level of valyl tRNA (4) . Cells returned to low temperature display a 70-to 80-min lag in the resumption of RNA synthesis. CAP overcomes this lag in RNA synthesis (Fig. 1) .
From these observations, the following interpretations have been made. CAP must stimulate RNA synthesis in cultures returned to 30 C in at least a two-step process. First, its presence allows for an accumulation of valyl tRNA, which has previously been shown to be necessary for RNA synthesis. A second step is inferred from the fact that the concentration of aminoacyl tRNA is clearly sufficient to provide a high level of protein synthesis without permitting RNA synthesis. If CAP were not performing some additional function, RNA synthesis would be anticipated.
What function could CAP serve? Several possibilities exist, all of which are matters of speculation. The physical binding of CAP to the ribosome, together with aminoacyl tRNA, may turn on RNA synthesis. It is also possible that the ribosome-CAP complex is a poor competitor for the limiting tRNA species (valyl tRNA), resulting in a low ribosome-bound concentration of valyl tRNA. Under these conditions, the valyl tRNA concentration elsewhere in the cell could be raised sufficiently to affect RNA synthesis. The same explanation would be applicable if a minor species of valyl tRNA were involved in RNA regulation. In either case, the situation is analogous to that proposed by Neidhardt in end-product regulation by aminoacyl tRNA (8) . If either of these hypotheses proves to be correct, then the regulation of RNA synthesis by aminoacyl tRNA could not be through the ribosome (7) . There are, in addition, other possible explanations. For example, RNA synthesis may be a poor competitor relative to protein synthesis for the cellular energy supply (1). It is also possible that CAP can directly affect the activity of valyl tRNA synthase.
Most of the hypotheses presented have predictable consequences, and several of these are currently under investigation.
